Endosialin/TEM1 is predominantly expressed on neovasculature, thus ideally suited for diagnostic, targeted imaging and therapy of cancer. To isolate TEM1-specific affinity reagents, we thought to screen a recombinant antibody (scFv) library derived from the repertoire of a patient with thrombotic thrombocytopenic purpura (TTP), as autoimmune disorders may produce self-reactive specificities. The yeast-display scFv library was constructed by homologous recombination of the TTP patient repertoire originally expressed on M13 bacteriophage in the novel vector pAGA2 for yeast-display expression. The TTP yeast-display library (10 9 members) was screened by magnetic and flow sorting with human TEM1 recombinant protein. A pool of yeast-display scFv able to detect 2 nM of TEM1 was obtained and transformed into yeast-secreted scFv by homologous recombination using the novel p416 BCCP vector for yeast secretion of biotinylated scFv. Anti-TEM1 yeast-secreted scFv were independently validated in vitro by flow cytometry analysis and ELISA assays, then in vivo biotinylated in N-termini to produce biobodies. Biobody-78 bound specifically to Endosialin/TEM1-expressing ovarian tumor in vivo, with functional stability over 48 h. Our results suggest that our novel paired display-secretory yeast libraries can serve as an ideal platform for the rapid isolation of high-affinity reagents, and that anti-TEM1 biobody-78 can be used for in vitro assays including flow cytometry analysis, as well as in vivo for targeted imaging and therapy of cancer.
Introduction
The growth of solid tumors beyond a diameter of 1-2 mm critically depends on the formation of a supporting stroma of newly formed blood vessels (Folkman, 1985) . Tumor endothelial cells, stromal fibroblasts (activated fibroblast or myofibroblasts) and/or vascular pericytes acquire a phenotype different from that of normal stromal cells (Rettig et al., 1992; Christian et al., 2008) and express tumor vascular markers (TVM). TVM provide attractive targets for antibodybased tumor diagnosis and therapy (St Croix et al., 2000; Marty et al., 2006; Teicher, 2007; Rouleau et al., 2008) due to i) the relative stability of TVM-expressing cells comparing to tumor cells; ii) neovasculature essential function for tumor maintenance, as demonstrated by the widespread necrosis of solid tumor after destruction of their blood vessels (Hinnen and Eskens, 2007) ; iii) neovasculature leaky capillaries that permit circulating antibodies and antibody conjugates to easily access TVM.
Endosialin/Tumor Endothelial Marker 1 (TEM1 or CD248) is a TVM and a type I transmembrane protein which comprises an 80.9 kDa protein core modified by extensive sialylated Olinked glycosylation that gives rise to an approximately 175 kDa mature glycoprotein (Christian et al., 2001) . Endosialin/TEM1 was originally discovered by an anti-fibroblast monoclonal antibody (FB5) as a glycoprotein expressed by the pericytes and myofibroblasts associated with tumor vasculature (MacFadyen et al., 2005; Christian et al., 2008; Rouleau et al., 2008) as well as by tumor-associated vascular endothelial cells in various human cancers (Rettig et al., 1992; Davies et al., 2004; Rmali et al., 2005; Becker et al., 2008) , including ovarian cancer (Conejo-Garcia et al., 2005) . Endosialin/TEM1 plays a unique role in tumor progression as a promoting factor of tumor angiogenesis , proliferation, migration and metastasis through interaction with matrix proteins such as fibronectin, collagen type I and IV (Tomkowicz et al., 2007) and Mac-2 BP/90K (Becker et al., 2008) . Importantly, mice without functional Tem1 gene present a striking reduction in tumor growth, invasiveness, and metastasis after tumor transplantation to abdominal sites (Nanda et al., 2006) . Taken together, these results suggest that targeting Endosialin/TEM1 for diagnostic and/or therapy could provide a valuable strategy against cancer.
Isolation of antigen-specific antibodies has been achieved through a variety of methods, including screening of phageand yeast-display recombinant antibody (scFv) libraries (Vaughan et al., 1996; Feldhaus et al., 2003; Paschke, 2006; Scholler et al., 2006 Scholler et al., , 2008a Bergan et al., 2007) . Yeast display recently emerged as an efficient alternative strategy due to the advantages it offers over prokaryotic systems, including faster and more controlled flow cytometry-based selection compared to solid phase panning (Feldhaus et al., 2003; Bergan et al., 2007) ; a highly efficient sampling of the immune antibody repertoire (Bowley et al., 2007) ; post-translational modifications (glycosylation) due to the eukaryotic expression; and absence of scFv-induced growth bias because scFv are not displayed during the amplification step, when yeast multiply. Yet, transfer of scFv from displayed to secreted forms has often resulted in loss of antigen specificity and/or affinity, requiring additional time-consuming and costly steps, including in vitro maturation of scFv sequence and/or recloning of scFv fused to immunoglobulin (Ig) constant regions. Mechanisms underlying the loss of scFv function include changes in scFv conformation and post-translational modifications, due to the use of different expression systems for displayed and secreted forms.
We sought to generate a highly efficient system for highthroughput identification of antigen-specific affinity reagents. Because patients with autoimmune disorders produce large variety of antibodies, we hypothesized that a library derived from an autoimmune patient could contain high-affinity antibodies against various antigens, including tumor vascular markers. We also hypothesized that only one expression system (Saccharomyces cerevisiae) for both scFv display and secretion could eliminate changes in scFv post-translational modifications, while keeping the advantages of a eukaryotic system for the expression of high-affinity antibodies, and that conformational changes would be minimized during the shift from displayed to secreted scFv forms if both displayed and secreted scFv were modified only at the N-terminus, which binds to the yeast surface or to secondary reagents, respectively. To test our hypotheses, we generated a 1 × 10 9 yeastdisplay scFv library by homologous recombination of our new vector pAGA2 with scFv amplified from a phage-display scFv library derived from a patient with thrombotic thrombocytopenic purpura (TTP), an autoimmune system disease related to the production of autoantibodies against coagulation factors (Siegel, 2008) . We screened the TTP yeast-display scFv library in two steps using two complementary yeast systems of expression that permit to express yeast-display and yeastsecreted scFv with the same post-translational modifications while minimizing conformational changes. We identified several Endosialin/TEM1-specific scFv using human TEM1 recombinant protein, including one with affinity in the nanomolar range, that were further transformed in biobodies (Scholler et al., 2006) . Antigen-specific binding of anti-TEM1 scFv and biobodies was characterized in vitro by flow cytometry analysis and ELISA assay, and in vivo by injection in an orthotopic mouse model of ovarian cancer. The anti-TEM1 biobody of highest affinity was able to bind specifically to both murine and human Endosialin/TEM1 and to target Endosialin/TEM1-expresser tumor cells in vivo, paving the way to the development of novel anti-angiogenesis targetedtheranostics.
Experimental
2.1. Materials and methods 2.1.1. Development of companion vectors for yeast-display and yeast secretion of N-terminal biotinylated scFv The pAGA2 vector for yeast display (Fig. 1a-b ) was derived from shuttle vector p414 GAL1 (Mumberg et al., 1994 ; the kind gift of Martin Funk, IMT, Philipps-Univ. Marburg, Germany). The pAGA2 multiple cloning site (MCS) was engineered as follows: the first site Nhe1 was inserted after a FLAG tag and a (G 4 S) 3 linker sequence. The second site EcoR1 was part of a stop codon that is removed when cDNA is inserted in frame in the cloning site. The third site Xho1 was inserted just 5′ to the c-myc tag, out of frame with the FLAG tag, to insure that both tags could be expressed only in the presence of correctly inserted cDNA. pAGA2 full insert sequence is described in Supplementary methods.
To construct the p416 BCCP vector, the companion vector of pAGA2 for the secretion of N-terminal biotinylated scFv ( Fig. 1c-d) , the shuttle vector p416 GAL1 (Mumberg et al., 1994 ; the kind gift of Martin Funk) was linearized by BamH1 and Xho1, and co-transformed in yeast with a PCR product encoding alpha preproleader and RK endopeptidase sequences fused to a biotin accepting site (BCCP), IgA hinge, FLAG tag, (G 4 S) 3 linker, cloning site with a stop codon, and V5-HIS tags. p416 BCCP full insert sequence is described in Supplementary methods.
Generation of rhTEM1-GST and rGST recombinant proteins and of TEM1-transduced cell lines
hTEM1 cDNA (NM_020404) was a kind gift from Dr. Ballmer-Hofer (Paul Scherrer Institut, Switzerland). The 1113 bp fragment corresponding to nucleotides 75-1187 of NM_020404 was cloned into the BamH1 site of the Glutathione S-transferase Gene Fusion Vector pGEX-2TK (Life Science, Piscataway, NJ) to obtain hTEM1-pGEX-2TK plasmid. hTEM1-pGEX-2TK and the control vector pGEX-2TK were transformed into E. coli BL21-CodonPlus(DE3)-RIPL (Stratagene, Cedar Creek, Texas) to produce human TEM1 recombinant protein fused to GST (rhTEM1-GST) and GST recombinant protein (rGST). Transformants were inoculated into fresh 2YT medium and incubated at 37°C on an orbital shaker (200 rpm) overnight. Each sample was then inoculated into 500 ml of fresh medium at a dilution of 1/50, and incubated in a shaking incubator at 37°C until the OD600 was 0.8. Isopropyl β-d-1-thiogalactopyranoside (IPTG) (Qiagen, Valencia, CA) was then added to a final concentration of 1 mM for the induction of expression at 25°C for 6 h. Bacterial cells were collected by centrifugation, lyzed by Bugbuster (Novagen, Gibbstown, NJ) and sonicated according to the manufacturer's instructions. Glutathione Sepharose 4B columns were equilibrated with phosphate buffered saline (PBS, pH 7.4) and lysate supernatant samples were loaded at a flow rate of approximately 1 ml/min. The columns were then washed with three column-volumes of PBS. Finally, 50 mM Tris-HCl buffer (pH 7.4) containing 20 mM glutathione was used to elute the recombinant protein that was further purified with Mono Q 5/50 GL (GE Healthcare) with 20 mM Tris buffer (pH 6.8). Purified recombinant proteins were analyzed by SDS-PAGE (4-15% separation gel). Yields of The shuttle vector p414 GAL1 that allows galactose-inducible expression in the presence of uracil was modified to include Nhe1, EcoR1 and Xho1 restriction enzyme sites matching the cloning sites of its companion vector p416 BCCP (d). The multiple cloning site (MCS) was engineered by inserting a Nhe1 site after the FLAG tag and (G 4 S) 3 linker sequence; an EcoR1 site, also part of a stop codon that is removed when cDNA are inserted in frame in the cloning site; and a Xho1 site, inserted directly before the c-myc tag, out of frame with the FLAG tag, to insure that both tags would be expressed only in the presence of correctly inserted cDNA. (c-d) p416-BCCP for yeast secretion. The shuttle vector p416 GAL1 that allows for galactose-inducible secretion in the presence of tryptophane was linearized by BamH1 and Xho1 and co-transformed in yeast with a purified PCR product encoding alpha preproleader and RK endopeptidase sequences followed by biotin accepting site (BCCP), IgA hinge, FLAG tag, (G 4 S) 3 linker, cloning site with stop codon, and V5-HIS tags.
rhTEM1-GST and rGST proteins were approximately 1 mg and 35 mg per liter of culture, respectively. Recombinant proteins were biotinylated using the EZ-Link Sulfo-NHS-BiotinReagents kit (Pierce, Rockford, IL) according to the manufacturer's instructions and dialyzed against PBS.
The full length hTEM1 cDNA was cloned into MluI/PacIdigested lentiviral plasmid vector pHRSIN-GFP (Hasegawa et al., 2006) to generate pHRSIN-TEM1 vector that expresses human TEM1 but not GFP. The corresponding lentivirus was generated by transient transfection of HEK293T cells with calcium phosphate. Conditioned medium containing viral vectors was harvested 24 and 48 h after transfection, filtered (0.45 μm) and frozen at −80°C until use. MS1, a murine pancreatic islet endothelial cell line transformed by SV40 (ATCC number CRL-2279™), H5V, a murine heart endothelial cell line transformed by Polyoma middle-size T antigen (PmT; Garlanda et al., 1994) and SKOV3, a human ovarian carcinoma cell line (Chan et al., 1988 ) (2×10 4 per 24-well plate) were transduced using 500 μl viral supernatants, and expression of hTEM1 was confirmed by RT-PCR ( Supplementary Fig. 4 and methods), Western blot and flow cytometry analysis using a rabbit anti-TEM1 polyclonal antibody (kindly provided to GC by Morphotek, Inc., Malvern, PA; data not shown). Table 1 summarizes the procedure for optimization of the preparation of chemical competent cell and transformation. Optimization was conducted in two steps, first by calibrating competent cell preparation and transformation, and then by optimizing DNA input. Condition 2 was best for chemical transformation of both EBV100 (Table 1 ) and YVH10 (data not shown), thus was applied for the transformation of both strains with intact plasmid or with combinations of linearized vector and insert for homologous combination (Fig. 2a) . YVH10 chemical transformation yielded 10 6 transformants/μg of DNA by homologous recombination, which was unexpectedly higher than transformation with intact plasmid (Fig. 2a , grey bars). However, for EBY100 yeast the chemical transformation efficiency was low (Fig. 2a , black bars). Thus, we developed an alternate protocol for EBY100 transformation using electroporation (Table 2 ). While electroporation of YVH10 resulted in low yield and was not pursued (data not shown), condition G (Table 2 ) gave the highest yield of transformants for EBV100, producing 1 × 10 8 transformants per electroporation with 10 μg of linearized vector and insert combined (Fig. 2b) . Thus, both YVH10 and EBV100 yeast strains are more efficiently transformed by homologous recombination than by intact plasmids. YVH10 is best transformed by chemical transformation with heat shock, while EBV100 is best transformed by electroporation, and at levels compatible with generation of scFv libraries.
Yeast transformation

Shuffling of phage-display scFv library into yeast
ScFv initially cloned in the M13 phage-display vector pComb3X (Scripps Research Institute, La Jolla, CA) (Barbas et al., 2001-07) were rescued by PCR from a phagemid DNA preparation. The primers were designed to bind to the original phage library scFv 5′ and 3′ end sequences, as well as to promote homologous recombination with the yeastdisplay vector pAGA2. Since the scFv constructs comprised light chain (kappa or lambda) variable regions (V L 's) followed by a GS-rich linker peptide followed by γ heavy chain variable Transformants ( Electroporation of EBY100 using condition G as described in Table 2 , with different concentrations of linearized vector (white bars) or intact DNA plasmid (grey bars) or combination of linearized plasmid and insert (black bars) for homologous recombinations (as indicated). The number of transformants per transformation is plotted on the Y axis.
region sequences (V H 's), forward primers annealed to the 5′ ends of V L 's and reverse primers annealed to the conserved 5′ end of the γ 1,2,3,4 C H 1 domain of the IgG heavy chain. The primer sequences are listed in the Supplementary methods. PCR conditions for scFv amplification were: 94°C for 5 min followed by 25 cycles of 94°C 1 min, 55°C 1 min and 72°C 1 min, and a final extension of 7 min at 72°C. PCR products were then purified by electrophoresis using the Qiaquick Gel Extraction Kit (Invitrogen, Carlsbad, CA). pAGA2 vector for yeast display was linearized with NheI and XhoI and purified using the Qiaquick PCR Purification Kit (Invitrogen, Carlsbad, CA). EBY100 competent cells were prepared for electroporation according to the condition G (Table 2) , and co-transfected with purified PCR products and pAGA2 linearized vector. Transfected yeast cells were finally expanded in SD-CAA medium (Scholler et al., 2006) at 30°C at 200 rpm until saturation. Ten-fold serial dilutions of the transfected yeast were cultured on SD-CAA plates for calculation of the library's size.
The library's diversity and gap repair efficiency were evaluated by sequencing and flow cytometry analysis, respectively. In brief, 30 individual clones were randomly selected, induced in the medium SGR-CAA (Scholler et al., 2006) , and assessed for scFv expression using the c-myc tag expressed only by yeast displaying scFv. Plasmid DNA was extracted from these clones using MasterPure Yeast DNA Purification Kit (Epicentre Biotechnologies, Madison, WI) and scFv gene fragments were amplified for sequencing with primers flanking the gap repair sites. PCR amplification primers are: pAGA2-scFv-For: 5′-ccgtactctttgtcaacgac-3′ and pAGA2-scFv-Rev: 5′-ttaaagccttcgagcgtccc-3′. Sequencing primers are: pAGA2-seq-For: 5′-gggaaggcaatgcaagga g-3′ and pAGA2-seq-Rev: 5′-tgcgtacacgcgtctgtacag-3′.
Antibodies
Yeast-display scFv expression was detected with anti-cmyc mouse monoclonal antibody (mAb), 9E10 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and Alexa-488 F(ab′)2 fragment of goat anti-mouse IgG (H + L) (488 anti-IgG) (Invitrogen, Carlsbad, CA) or PE-Cy7 goat F(ab′)2 anti-mouse IgG(H + L) (PE-Cu5 anti-IgG) (Cedarlane Laboratories Limited, Burlington, NC). Biotinylated antigen binding to yeastdisplay scFv was detected with goat anti-biotin-FITC (Abcam, Cambridge, MA) or streptavidin-PE (BD Pharmingen, San Jose, CA). ScFv binding to cell lines was detected with APCconjugated anti-V5 mouse mAb (AbD Serotec, Raleigh, NC; APC anti-V5) and scFv binding to plastic-immobilized antigen was detected by HRP-conjugated mouse anti-V5 mAb (AbD Serotec; HRP-anti-V5). Biobody binding to TEM1-expresser cells was detected with APC-labeled streptavidin (eBioscience, San Diego, CA; APC-streptavidin). Confocal microscopy was performed with anti-SV40 Tag mAb (SantaCruz Biotech, Santa Cruz, CA) detected by goat anti-mouse IgG1k-Alexa-488 mAb (488 anti-IgG1k; Invitrogen, Carlsbad, CA), and rhodamine-labeled streptavidin (Invitrogen; Rho-SA).
Identification of anti-TEM1 scFv
The TTP yeast-display scFv library was first screened by magnetic and flow sorting for anti-TEM1 scFv using progressively decreasing concentrations of human TEM1 recombinant protein fused to a GST tag (rhTEM1-GST; Supplementary  Fig. 1 ), as previously described (Scholler et al., 2006; Bergan et al., 2007) . cDNAs encoding selected yeast-display scFv were PCR amplified, purified and transformed into yeastsecreted scFv. Briefly, the library was magnetically enriched once for scFv that bound to 20 nM of biotinylated rhTEM1-GST, twice for scFv that bound to 6 nM of biotinylated rhTEM1-GST, and then magnetically depleted for the scFv that bound to 60 nM of control biotinylated rGST. Selected yeast-display scFv were flow sorted for c-myc/TEM1 double positive clones. Progressively decreasing concentrations of rhTEM1-GST were further used during the screening (from 2 nM to 40 pM). DNA plasmids were extracted from yeastdisplay scFv that bound to 400 pM of rhTEM1-GST but not to 2 nM of rGST ( Supplementary Fig. 1b-d) , and scFv fragments were amplified using primers allowing homologous recombination with the yeast secretion vector p416-BCCP. The primers used were: Forward shuffling primer: 5′-ggttctggtggtggaggttctggtggtggtggatctg-3′; Reverse shuffling primer: 5′-gagaccgaggagagggttagggataggcttaccgtcgaccaagtcttcttcagaaataagctt-3′. ScFv fragments and linearized p416-BCCP were co-transfected into YVH10 by chemical transformation. Soluble scFv screening for specific binding to No cross-reactivity with rGST control protein was detected. Sequencing of 40 scFv identified five unique clones that were then produced and Nipurified as previously described (Scholler et al., 2006) .
Measurement of scFv affinity by ELISA
To assess scFv-78 affinity, maxisorp ELISA plates were coated with rhTEM1-GST at two-fold decreasing concentrations from 0.4 to 0.05 μg/ml, in carbonate-bicarbonate buffer. After blocking with PBSM, wells were incubated with ten-fold serial dilutions of scFv-78, starting from 1 μM. ScFv binding to immobilized proteins was detected with HRP anti-V5. Colorimetric signals were developed as previously described. The same procedure was followed for the other scFv, but using 2 and 1 μg/ml of coated rhTEM1-GST and three-fold serial dilutions of scFv, starting at 2 μM.
Flow cytometry analysis
Analysis of scFv expression by yeast was performed as previously described (Scholler et al., 2006) . Briefly, binding of anti-TEM1 scFv and biobodies to TEM1-expresser mammalian cells was evaluated using various human or murine cell lines expressing TEM1 endogenously (HEK-293T, MOV1 and 2H11) or stably transduced with pHRSIN-TEM1 (hTEM1-MS1, hTEM1-H5V and hTEM1-SKOV3). MS1 (SV40-transformed murine endothelial cells), H5V (PmT-transformed murine endothelial cells) and SKOV3 (human ovarian carcinoma cell) lines were used as negative or weakly positive control cell lines, in accordance with previous published findings reporting Endosialin/TEM1 to be expressed by mouse immortalized endothelial cells and various tumors, including carcinomas and sarcomas (Dolznig et al., 2005; Teicher, 2007) . Anti-TEM1 scFv were preincubated for 30 min at RT with APC-anti-V5 at a ratio 1/1 and anti-TEM1 biobodies were preincubated with APC-labeled streptavidin at a ratio of 1/4. A non-relevant scFv was used as a negative control for binding.
Orthotopic mouse model of ovarian cancer
MOV1 mouse ovarian cancer cell line was derived from an ovarian cancer that spontaneously arose in female transgenic mice that express the transforming region of SV40 under control of the Mullerian inhibitory substance type II receptor gene promoter (Tg-MISIIR-TAg; Connolly et al., 2003) . MOV1 cell line expresses SV40 antigen and TEM1. To emulate ovarian cancer mouse ovarian cancer cells, MOV1 were orthotopically injected in the ovarian bursa of NOD-Scidγc null (NSG) mice (Shultz et al., 2000) . Four month-old multiparous females were anesthetized according to the protocol approved by the University of Pennsylvania Institutional Animal Care and Use Committee (IACUC). A dorsolateral incision on left caudal portion of the animal dorsum was made. The retroperitoneum was dissected to expose the left ovary using the forceps to grasp, retract, position, and secure the organ for injection. Five million MOV1 cells were injected in the ovarian bursa in a volume of 20 μl of PBS using an insulin syringe. Retroperitoneal incisions were closed, animals were administered antibiotics and fluids, and tumor growth was monitored by in vivo imaging.
Analysis of in vivo distribution of anti-TEM1 biobodies by confocal microscopy
Anti-TEM1 biobody-78 of high affinity was injected intravenously (IV) 3 weeks after tumor cell implantation. As control for the Enhanced Permeability and Retention (EPR) effect (Maeda and Matsumura, 1989; Greish, 2007) , we used the anti-TEM1 biobody-137 of low affinity in the same conditions. Spleen, liver, kidney and ovaries were harvested 24 or 48 h after biobody injection and preserved in frozen tissue matrix OCT compound (Tissue-Tek, Sakura Finetek USA). Slides of 5 μ thickness were cut from frozen sections, air dried 1 h at RT and fixed by immersion in cold 100% acetone 5 min. After 2 washes in PBS, slides were blocked for endogenous biotin by pre-treatment with avidin/biotin blocking solution (avidin-skim milk 0.001% in PBS). Anti-TEM1 biobody binding was detected with rhodamineconjugated streptavidin. MOV1 tumor cells derived from a Tg-MISIIR-TAg tumor express SV40 and thus could be detected with anti-SV40 Tag antibody (2 μg/ml) for 30 min at RT, followed by 1 μg/ml Alexa-488 goat anti-mouse IgG1κ for 30 min at RT. Slides were incubated with 1/2000 diluted DAPI (Invitrogen) for 30 min at RT to visualize the nuclei. Fluorescent signals were acquired by confocal analysis (Zeiss LSM 510META NLO) at 63× magnification.
Results
Generation of companion vectors for yeast display and yeast secretion of N-terminal biotinylated scFv
To overcome the loss of antigen specificity and/or affinity due to scFv transfer from cell surface display to secreted, we developed two complementary vectors, pAGA2 and p416 BCCP, which permit scFv to be displayed (Fig. 1a-b) or secreted ( Fig. 1c-d) by the same expression system (S. cerevisiae) and through engineering at the same domain (N-terminus), thus with similar post-translational modifications and conformation. In pAGA2 vector, scFv are fused at the N-terminus to Aga2, to permit yeast display (Fig. 1a-b) . ScFv expressed by p416 BCCP are soluble and fused at the N-terminus to an enzymatically biotinylable domain (BCCP) separated from the scFv functional site by a flexible IgA hinge (Fig. 1c-d) . The BCCP domain is biotinylated in vivo by a biotin ligase expressed by yeast mating partners, and the presence of the IgA hinge minimizes scFv conformational changes when the biotinylated BCCP binds to immobilized or labeled streptavidin (Scholler et al., 2006) . The vectors pAGA2 (Fig. 1a-b ) and p416 BCCP (Fig. 1c-d) permit galactose-inducible expression in the presence of uracil or tryptophane, respectively, which minimizes growth bias (Mumberg et al., 1994) .
Construction and validation of TTP yeast-display scFv library
The M13 phage-display human scFv library derived from a patient with thrombotic thrombocytopenic purpura (TTP), a coagulation system disorder caused by autoantibodies to the metalloprotease ADAMTS13, was previously reported (Siegel, 2008) . ScFv gene segments from the TTP phage-display library were rescued by PCR from a phagemid DNA preparation, and co-transformed with pAGA2 linearized vector by electroporation in EBV100 yeast strain to allow homologous recombination and cell surface display. The diversity of the resulting yeast-display scFv library was validated by the sequencing of 20 randomly selected clones that demonstrated a gap repair rate of 95% (data not shown). The correct display of scFv at the yeast cell surface was assessed by flow cytometry through the detection of a c-myc tag fused to the scFv C-terminus. Nine out of 24 randomly selected clones displayed scFv on their surface after induction ( Supplementary Fig. 2, clones a, g,i,k,o,p,r,u,w) , which was consistent with the expression ratio of phage and yeast libraries previously reported (Vaughan et al., 1996; Blaise et al., 2004) .
Identification of anti-TEM1 scFv
Targeting TEM1 with antibody or antibody-conjugated reagents such as an immunotoxin, isotope, or nanoparticles, is a promising approach for both diagnosis and therapy. To identify recombinant antibodies directed against TEM1, the TTP yeast-display library was enriched for scFv that bind to recombinant human TEM1-GST protein (rhTEM1-GST), first by magnetic sorting then by flow sorting, and finally depleted by magnetic sortings for the scFv that bound to rGST control protein. Magnetic sorting is based on one parameter of selection only (capture of antigen-binding yeast), thereby providing a rapid means for robust enrichment of antigenspecific scFv. However, to prevent the selection of yeast that non-specifically bind to antigens, a flow sorting step using two parameters of selection was included. Yeast that both bound to TEM1-1 and expressed c-myc tag due to the display of scFv at their surface was sorted and their cDNA rescued for amplification with primers allowing homologous recombination with p416 BCCP vector. Resulting transformants secreted scFv enriched for TEM1-specific binders.
Four hundred and seventy yeast-secreting scFv were tested by ELISA detection assays for their ability to detect rhTEM1-GST. Almost 50% (232/470) of the soluble scFv bound to rhTEM1-GST but not to rGST. Anti-TEM1 soluble scFv were classified into two affinity categories: "high" when the optical density (OD) by detection ELISA was greater than 0.5, and "low" when lower than 0.5. Twenty scFv of each category were sequenced. The high OD group contained only one sequence (scFv-78) and three clones presented each one point mutation in the V L ; #6 had a point mutation in FR1 that changed a serine in leucin; #8 a point mutation in FR3 changing a glycin in valine; #10 a point mutation in CDR2 changing a leucine in methionine. The low OD group included four different scFv (Fig. 3) . Alignment of scFv heavy and light chain variable region sequences to a database of human immunoglobulin germline sequences (V Base Directory of Human V Gene Sequences (Tomlinson et al., 1996) ) indicated that the heavy chain variable region sequences used VH3-and VH4-familyencoded gene products and showed extensive somatic mutation particularly in the CDR regions as though they evolved during an antigen-driven immune response (Fig. 3a) . The light chain sequences used by all 5 anti-TEM1 scFv's were lambda and were minimally mutated from their most likely V L and JL germline genes (Fig. 3b). 3.4. Characterization and in vitro validation of anti-TEM1 scFv and biobodies by ELISA assays and flow cytometry analysis ELISA provides a convenient way to evaluate the affinity of an antibody (Beatty et al., 1987) . Because a scFv has only one binding site for antigen, the affinity can be calculated by the
, where [Ab′] t refers to scFv concentration at half the maximal OD (OD 50 ) for rhTEM1-GST-coated wells at half concentration, and [Ab] refers to scFv concentration at OD 50 for rhTEM1-GST-coated wells at whole concentration. The calculated Kd's of the five anti-TEM1 scFv with distinct sequences were 4.3 ± 1.5 nM for scFv-78 (Fig. 4) , 148 nM for scFv-132, 218 nM for scFv-133, 682 nM for scFv-131, and 4.4 μM for scFv-137, respectively ( Supplementary Fig. 3 ). R 2 of the curve fittings for all ELISAs were above 0.99. ScFv were then biotinylated on the BCCP site in N-termini by yeast mating with biotin-ligase-bearing yeast to produce biobodies, as described by Scholler et al. (2006) , and expressed at a yield of 10 mg per liter. Flow cytometry showed that all anti-TEM1 scFv bound to the human TEM1-transfected mouse endothelial cell line hTEM1-MS1 but not to wild-type MS1 cells, while binding could be blocked with rhTEM1 but not with rGST ( Fig. 5a-l) . The remainder of the study was performed with the highaffinity anti-TEM1 scFv-78 and low affinity scFv-137 after targeted biotinylation, resulting in biobody-78 and biobody-137, respectively. Biobody-78 strongly bound to cell lines transduced with human TEM1 (Fig. 5o-q) and cells expressing high levels of endogenous human (Fig. 5m) as well as mouse (Fig. 5r,s) TEM1. Biobody-78 also bound to cell lines that express moderate levels of endogenous mouse or human TEM1, such as H5V (Fig. 5n) and SKOV3 (Fig. 5p) , respectively. TEM1 mRNA expression level was verified by qRT-PCR in all cell lines ( Supplementary Fig. 4 ).
In vivo validation of anti-TEM1 scFv
To test the ability of anti-TEM1 scFv to recognize target in vivo, immunodeficient mice were transplanted orthotopically in the left ovarian bursa with MOV1 ovarian cancer cells, which express mouse TEM1 (Supplementary Fig. 4b ). Groups of mice were injected IV with a bolus of either the high-affinity biobody-78 or the low affinity biobody-137 (50 μg/mouse) to control for the EPR effect. Animals were euthanized after 24 or 48 h, and spleens, livers, kidneys and ovaries were collected to monitor biobody distribution by confocal microscopy. Anti-TEM1 biobody-78 was detected in kidneys 24 h after IV injection ( Supplementary Fig. 5c upper and lower right panels), but was cleared after 48 h ( Supplementary Fig. 5f upper and lower right panels). Both anti-TEM1 biobody-78 and biobody-137 specifically localized to MOV1 cells implanted in the left ovaries after 48 h (Fig. 6A,C ,E, upper and lower right panels) but not in the contralateral normal ovaries (Fig. 6B,D,F ) or in the other normal mouse organs (spleen, liver and kidney) ( Supplementary Fig. 5, as indicated) . The signal generated by the biobody-137 was weaker than the signal from biobody-78 (compare Fig. 6C with Fig. 6E ) which demonstrated a correlation between biobody affinity and tumor binding, and suggested that biobody-78 binding to the tumor was both independent of the EPR effect and antigen-specific.
Discussion
We isolated high-affinity reagents (scFv and biobodies) that bound to both mouse and human Endosialin/TEM1, using a high-throughput yeast-based platform and a two-step screening method. Anti-TEM1 scFv and biobodies were validated for flow cytometry use, ELISA detection assays and in vivo targeting. The affinity of our novel anti-TEM1 biobody-78 was in the nanomolar range which permitted to generate high mean fluorescence intensities (MFI) by flow cytometry analysis at very low concentration (10 nM, Fig. 5 ), which favorably compared to the anti-TEM1 scFv previously published by Marty et al. (2006) . In addition and in contrast to the other available anti-TEM1 antibodies, our novel anti-TEM1 biobody-78 binds to both mouse and human TEM1, which is invaluable for preclinical model systems. Our screening strategy was based on cell sorting of yeast-display scFv, combined to ELISA screening and flow cytometry analysis of yeast-secreted biotinylated scFv (biobodies), using a comprehensive set of vectors to shuttle scFv without loss of function from displayed to secreted, labeled forms.
High-affinity anti-TEM1 human scFv and biobodies were isolated from a yeast-display scFv library derived from a patient with TTP, an autoantibody-mediated disorder (Siegel, 2008) . Given that patients with autoimmune disorders have lost some degree of immune tolerance, we thought that an immune library derived from such a patient could contain high-affinity antibodies against various self-antigens. The transfer of the TTP scFv library from phage display to yeast display permitted a highly efficient initial selection by cell sorting (Bowley et al., 2007) . Although here we used a phage library as starting material because it was previously shown to comprise high-affinity clones against vascular targets (Siegel, 2008) , we do not foresee phage display as a necessary initial step in the development of yeast scFv libraries. The calculated Kd for scFv-78 was 5.8 nM using antigen concentrations of 0.4 μg/ml (diamonds) and 0.2 μg/ml (squares), 4.5 nM using antigen concentrations of 0.2 μg/ml and 0.1 μg/ml (open triangles), or 2.8 nM using antigen concentration of 0.1 μg/ml and 0.05 μg/ml (open circles). ELISAs were performed in duplicate in two independent experiments. Lines are fitted using the antibody-antigen reaction equation.
Furthermore, although the library derived from a patient with autoimmune disorder exhibited high-affinity antibody clones against TEM1, it is possible that patients with cancer also exhibit high-affinity clones against tumor-associated selfantigens (Anderson and LaBaer, 2005; Tan and Zhang, 2008; Qiu and Hanash, 2009 ), including antigens up-regulated by tumor vasculature. Our new vector for yeast display, pAGA2, prevents the cell surface expression of c-myc in the absence of scFv insertion in frame with the cloning site, which permits efficient positive and negative selections by cell sorting. We also generated a companion vector for yeast secretion of scFv, p416-BCCP. The combined use of pAGA2 and p416-BCCP vectors permits consistency both in the expression systems used for scFv surface display or secretion (yeast), and in the scFv orientation (attachment to the N-termini when displayed at the yeast cell surface as well as when soluble and bound to streptavidin), which minimizes post-translational and conformational changes from displayed to secreted forms. In addition, the transfer from display to secreted forms can be simply achieved by yeast homologous recombination with an optimized protocol permitting high yields of transformation. Finally, yeast-secreting soluble scFv cloned into p416 BCCP can be mated with biotin-ligase-bearing yeast (Scholler et al., 2006) to produce diploid yeast that secrete N-termini biotinylated scFv (biobodies) directly in the yeast culture medium. Biobodies are inexpensive to produce, can be retrieved by any streptavidin-coated surfaced directly from the yeast culture medium or purified through their HIS 6 tag, and are detectable with labeled streptavidin.
Conclusion
The foreseeable clinical and laboratory applications of fully human scFv and especially biobodies are quite diverse. We describe here for the first time a biobody (biobody-78) that can detect both human and mouse Endosialin/TEM1 for flow cytometry analysis and ELISA applications, and that is stable in vivo with intact functional binding 48 h after IV injection ( Fig. 6C upper and lower right panels) , permitting confocal analysis of harvested tissues. Therefore, biobodybased targeting of tumor targets in vivo for the purpose of imaging or to deliver therapeutic payloads is now possible. Antibody-conjugated reagents such as an immunotoxins, immunoisotopes, or immuno-nanoparticles are high promising approaches for diagnosis and/or therapy. Indeed, the versatility of biobodies allows for modular design of both imaging and therapeutic tools, thus paving the way for the development of personalized paired imaging and therapy, or theranostic tools. We believe that we resolved several limitations existing presently in the field of scFv antibody development and we provide the first evidence of a highthroughput paired yeast platform that can lead to the rapid isolation of functional high-affinity biotinylated scFv for the development of theranostics. To our knowledge, biobody-78 is the only high-affinity antibody of human origin directed against both human and murine Endosialin/TEM1, which will greatly facilitate Endosialin/TEM1-based preclinical targeted imaging and therapeutic studies.
